During embryonic development, polarized epithelial cells are either formed during cleavage or formed from mesenchymal cells. Because the formation of epithelia during embryogenesis has to occur with high fidelity to ensure proper development, embryos allow a functional approach to study epithelial cell polarization in vivo. In particular, genetic model organisms have greatly advanced our understanding of the generation and maintenance of epithelial cell polarity. Many novel and important polarity genes have been identified and characterized in invertebrate systems, like Drosophila melanogaster and Caenorhabditis elegans. With the rapid identification of mammalian homologues of these invertebrate polarity genes, it has become clear that many important protein domains, single proteins and even entire protein complexes are evolutionarily conserved. It is to be expected that the field of epithelial cell polarity is just experiencing the 'top of the iceberg' of a large protein network that is fundamental for the specific adhesive, cell signalling and transport functions of epithelial cells. q
Introduction
Embryonic development begins with cleavage of the fertilized egg. In most embryos, such cleavage divisions result in the formation of an epithelial monolayer of cells, often called the primary epithelium (Fleming and Johnson, 1988; Tepass and Hartenstein, 1994a) . While different species utilize different strategies to generate primary epithelia, many of the core processes and key molecular players are evolutionarily conserved. In species as distant as Drosophila, Xenopus and mouse, the formation of cell junctions and stable cytocortical domains involves the presence and interactions of a set of conserved proteins. In contrast to primary epithelia, secondary epithelia form de novo from mesenchymal precursors in a process called mesenchymal -epithelial transition (Tepass and Hartenstein, 1994a) . Classic examples for the generation of secondary epithelia are the formation of the embryonic kidney in mammals or the formation of the midgut epithelium in Drosophila (Ekblom, 1989; Tepass and Hartenstein, 1994b ).
Epithelial cells exert many important functions in embryonic and adult organisms. A few examples of these functions are secretion in epithelial glands like the salivary glands, the uptake of nutrients through resorbtive epithelia like the gut, or the coordinated movements of epithelial cell sheets during morphogenesis. The cellular basis to accomplish these functions is provided by the stereotyped polarized architecture of the epithelial cell. Epithelial cells exhibit a profound apical -basal polarity that is manifested in the cytoplasmic and surface organization of their individual cells (Nelson, 2003) . Most importantly, the plasma membranes of epithelial cells are subdivided into apical and basolateral domains. The different molecular composition of apical and basolateral membrane domains provide an important prerequisite for the vectorial functions of epithelia.
One of the major landmarks of epithelial cell structure is a set of specialized cell junctions, which slightly differ between vertebrate and invertebrate tissues ( Fig. 1 ; Knust and Bossinger, 2002; Mü ller, 2000; Nelson, 2003) . Epithelial cell junctions serve the adhesion, communication, vectorial transport, and morphogenetic properties of epithelia. One of the most important features for the functions of epithelia is to create a diffusion barrier between two biological compartments. Therefore, transport through the epithelial layer as well as paracellular transport, i.e. transport in between the individual cells, must be regulated. This function is provided by tight junctions (TJs) in vertebrates and by septate junctions (SJs) in invertebrates ( Fig. 1 ). In addition, adherens junctions form a circumferential belt close to the apical -lateral border of the membrane domains-a structure called zonula adherens (ZA). The major molecular components of the ZA are the cadherin/catenin cell adhesion system, which is linked to an apical microfilament belt. The ZA is not only important for the adhesion between epithelial cells, but also for coordinated movements of epithelial tissues. In the following we will briefly discuss a few features of major epithelial cell junctions. The molecular components of cell junctions as well as their interactions are summarized in Tables 1 -3. In vertebrate epithelia, the function of TJs is linked to the maintenance of the polarity and the functional properties of the epithelium. By regulating paracellular diffusion, TJs provide a functional barrier between the apical and basal surroundings of epithelia. In addition, TJs are involved in the maintenance of membrane asymmetry in epithelial cells. Lipids in the outer membrane leaflet and integral membrane proteins do not diffuse in the membrane from the apical to the basolateral domain (Dragsten et al., 1981) . Thus TJs provide a fence acting against lateral diffusion of membrane lipids and membrane proteins in epithelial tissues ). The molecular nature of the fence function is not yet completely clear, but might involve transmembrane proteins (Citi and Cordenonsi, 1998; D'Atri and Citi, 2002) . Interestingly, the surface of cell types lacking TJs, such as neurons, the Caenorhabditis elegans zygote, Drosophila neuroblasts or migrating cells, can also be highly polarized (Funamoto et al., 2002; Pellettieri and Seydoux, 2002; Wodarz, 2002) . It remains an interesting problem to figure out, which molecules provide the fence function in epithelial and nonepithelial cells, and to see, whether its molecular basis has evolved from common ancestors. As will be described below, many of the proteins associated with TJs (Table 1) have a similar distribution and exhibit similar interactions in vertebrate and invertebrate epithelia.
SJs represent the invertebrate pendant to TJs in regulating paracellular transport (Genova and Fehon, 2003; Schulte et al., 2003; Wood, 1990) . SJs and TJs differ in their ultrastructural appearance and in their localization with respect to the ZA (Tepass et al., 2001) . While TJs are localized apical to the ZA, SJs are localized basal to the ZA (Fig. 1) . It remains unclear whether SJs play a major role in the maintenance of membrane asymmetry in epithelia. Genetic studies in Drosophila have recently shown that membrane asymmetry can be generated in the absence of SJs (Bilder et al., 2003) . Except for Drosophila, the molecular components of SJ have not been analyzed in much detail (Table 2) . Studies in the fly, however, have demonstrated that products of tumour suppressor genes localize to SJs, suggesting a role for these junctions in growth control (Bryant et al., 1993) .
Compared to other epithelial cell junctions, the ZA is present in most, if not all epithelia. In a classic experiment, cadherin-based adhesion has been found to be sufficient to polarize cells in culture (McNeill et al., 1990) . The function of cadherins in separating apical and basolateral membrane domains clearly involves the interaction of cadherin cytoplasmic domains with cytoskeletal components (Nelson and Yeaman, 2001; Yeaman et al., 1999b) . During embryonic development, the ZA appears as dynamic structure, which is assembled successively as illustrated in nematode and Drosophila development (Figs. 3, 4) , as well as in cell culture. In embryogenesis, many regulatory genetic inputs influence the generation and maturation of the ZA. The dynamics during ZA maturation might involve the binding or posttranslational modification of certain proteins to the ZA and the formation of membrane protein complexes, which become associated with the ZA. While the major molecular components of the ZA are the cadherincatenin complex, a number of additional ZA associated proteins have been isolated in cultured cells (Blaschuk and Rowlands, 2002; Nagafuchi, 2001) . These data raise the interesting possibility that the ZA represents one major coordinator of epithelial surface polarity.
Common to all C. elegans epithelia investigated so far is one type of intercellular junction, the so-called C. elegans apical junction (CeAJ, Michaux et al., 2001) , whose electron-dense structure largely resembles the ZA of Drosophila and vertebrates (Fig. 2) . In contrast intestinal cells of the parasitic nematode Ascaris are connected by an apical complex of smooth septae (Davidson, 1983) . On the immunofluorescence level several antibodies recognize apical junctional components in the C. elegans embryo (Table 3, Fig. 2 ). The precisely choreographed cellular events of embryogenesis lead to a well-defined junctional pattern in the epidermis, the pharynx and the intestine (Fig. 2) , thus providing an excellent system for the identification of genes that interfere with its correct formation and maintenance.
Another type of adhesive junctions is the desmosome, which is only detected in vertebrates (Garrod et al., 2002a; Jamora and Fuchs, 2002) . Intercellular adhesion in desmosomes is mediated by a subfamily of cadherins, called desmogleins and desmocollins (Table 1) . The cytoplasmic domains of these cadherins are inserted in the so-called desmosomal plaque, which contains a variety of proteins including plakoglobin, plakophilin, and desmoplakin (Garrod et al., 2002b) . The desmosomal plaque serves as an anchor for cytokeratin filaments (North et al., 1999) . Therefore, desmosomes probably (1) Knust and Bossinger (2002) ; (2) Roh et al. (2002b) ; (3) Wodarz et al. (2000) ; (4) Petronczki and Knoblich (2001) ; (5) Liu and Lengyel (2000) ; (6) Katsube et al. (1998) ; (7) Takahashi et al. (1998a) ; (8) Bilder and Perrimon (2000) ; (9) Woods and Bryant (1991) ; (10) Bilder et al. (2000b) ; (11) Fehon et al. (1994) ; (12) Baumgartner et al. (1996) ; (13) Lamb et al. (1998) ; (14) Betschinger et al. (2003) ; (15) Schulte et al. (2003) ; (16) Genova and Fehon (2003) . (1) Bossinger et al. (2001) ; (2) play a structural role in the maintenance of the shape and adhesion of epithelial cells and the stability of the epithelium.
In this review, we have tried to provide a survey about the developmental control of epithelial polarity throughout the animal kingdom, with special emphasis on Drosophila and C. elegans. We will start with a brief description of cell polarity of marine invertebrates such as starfish and sea urchin. In the next chapter, the formation of epithelia during development of the nematode C. elegans will be discussed. Presentations of the role of transcription factors (TFs) during C. elegans epithelial development are followed by discussions on the formation of the epidermis and the intestine, and the molecular composition of the C. elegans apical junction. The following chapter describes the genetic control of the formation of various epithelia in Drosophila development; this chapter discusses the formation of the embryonic epidermis and the formation of epithelia in larval and adult tissues. Within the Drosophila chapter, we also provide comparisons to relevant findings using cultured cells, in order to highlight the conservation of important molecules in the regulation of epithelial polarity. Finally, we will summarize some aspects of epithelial development in vertebrate embryos, in particular those of amphibian, mouse and zebrafish.
Epithelia formation in marine invertebrates
For a long time marine invertebrates have been utilized as models to study morphogenesis. Some aspects of the generation of epithelial cell junctions have been examined in sea urchin and starfish embryos. In starfish embryos, cell polarity is established during cleavage divisions (Kuraishi and Osanai, 1989) . Early blastomeres are polarized cells characterized by the presence of nile-blue positive granules and microvilli, which are both restricted to the apical domain and excluded from the basolateral domain. Furthermore, the polarization of the blastomeres is observed in functional terms, as only the basolateral domain is able to mediate cell -cell adhesion. The starfish blastula of a 2 10 -cell stage embryo, represents an epithelial cyst with defined apical cell junctions such as ZA and SJ (Dan-Sohkawa and Fujisawa, 1980) . In addition, the basal surface of this blastula epithelium is covered by a primitive basal lamina. The apical -basal polarity of starfish blastomeres was also observed in dissociated early embryos, suggesting that epithelial polarity is generated in a cell autonomous way in these species (Kuraishi and Osanai, 1989 ). This idea is also supported by the observation that isolated blastomeres of starfish embryos possess the ability to self-assemble into epithelial sheets in vitro. The dynamics of this reassembly process was found to correlate with the formation of the epithelial junctional complex in the blastula. This suggests that adhesive properties of the blastomeres during blastula formation are dynamic and linked to the formation of cell junctions. The molecular cloning and subcellular localization of members of the cadherin/catenin adhesion system from the sea urchin Lytechinus variegates suggest that, like in other species, adhesive mechanisms are governed by cadherins (Miller and McClay, 1997a,b) .
Formation of cell junctions and generation of polarized blastomeres in sea urchin embryos is very similar to that described for starfish embryos. Formation of cell junctions in sea urchin embryos has been observed in the 16-cell stage and cell polarity develops during cleavage (Andreuccetti et al., 1987; Nelson and McClay, 1988) . The distribution of the components of the cadherin/catenin system correlates with these morphological features, as these proteins are present at the cell -cell contact sites of early blastomeres and later accumulate at the sites of adherens junction formation (Miller and McClay, 1997b) . The sea urchin b-catenin, Lvb-catenin, is highly conserved and ubiquitously expressed in the early embryo (Miller and McClay, 1997a) . LvG-cadherin represents a novel member of the cadherin family and contains a variety of unusual features (Miller and McClay, 1997b) . The predicted protein is very large (Mr 303 kDa) and appears not to contain a preprotein domain characteristic of vertebrate classic cadherins. The extracellular domain of LvG-cadherin contains 13 cadherin repeat domains, which exceeds that of classic cadherins. In addition, the extracellular domain contains four EGF-like repeats and a Laminin G domain. The domain arrangement of LvG-cadherin is thus very similar to cadherins from other invertebrates like Drosophila (Tepass, 1999) . In summary, the available data suggest that the generation of polarized epithelia in sea urchin and starfish embryos might be similar to the process in amphibian embryos (see below).
Epithelial models in C. elegans
In this section, we discuss the development of epithelia in the C. elegans embryo. In the first part, we briefly summarize the function of zygotic TFs that specify tissue or organ precursor cells in C. elegans. We then discuss epidermal and intestinal development ( Fig. 2A -D) , and finally we focus on the formation of the C. elegans apical junction (CeAJ, Fig. 2E ). From first division until hatching C. elegans embryogenesis only takes , 12.5 h and can be subdivided in three stages (Sulston et al., 1983) . During the first 1.5 h five somatic founder cells (AB, MS, E, C, D) and the germ line precursor cell (P 4 ) are generated. With the exception of the intestine and the germline (originating from E and P 4 , respectively), no single tissue or organ is generated from progeny of only a single founder cell. Instead most of the initial blastomeres contribute to many cell types. Over the next 4 h, the proliferation phase, nearly all cell divisions occur. The third period takes place during the final 7 h, in which terminal differentiation and morphogenesis happen, with only a very few cell divisions. The epidermis, the pharynx and the intestine are the three major epithelial organs in the C. elegans embryo White, 1988) . The epidermis forms a sheet that is responsible for the change in shape of the embryo from a ovoid ball of cells into a cylindrical worm, while the pharynx takes up, concentrates and process food before pumping it into the intestine, the major organ involved in digestion, storage, and synthesis of macromolecules (Albertson and Thomson, 1976; Chin-Sang and Chisholm, 2000; Portereiko and Mango, 2001 ).
The role of transcription factors during epithelial development in C. elegans
In contrast to Drosophila (see below), blastomeres in C. elegans are specified as tissue or organ precursor cells by expression of specific transcription factors (TFs). The forkhead/winged helix factor PHA-4, the GATA factor ELT-1 and the GATA factor END-1 are expressed in the pharynx, the epidermis and the intestine, respectively (Horner et al., 1998; Kalb et al., 1998; Page et al., 1997; Spieth et al., 1991; Zhu et al., 1997 Zhu et al., , 1998 . The discovery of genetic hierarchies of zygotic TFs has led to a simple model of tissue-and organ formation in the C. elegans embryo (Kalb et al., 1998; Labouesse and Mango, 1999; Mango et al., 1994) . These TFs share three main features: (1) absence of the TF leads to the loss of a tissue; (2) the factor is present in all cells of the organ, beginning at the earliest stages of organ formation; and (3) ectopic expression of the TF induces major aspects of the tissue developmental program in naive blastomeres.
In the pharynx primordium, the activity of PHA-4 is both necessary and sufficient for the expression of the NK-2 homeobox protein CEH-22 that activates gene expression in a subset of pharyngeal muscle cells (Okkema and Fire, 1994; Okkema et al., 1997) . Recent microarray analysis suggests that PHA-4 directly activates most or all pharyngeal genes (Gaudet and Mango, 2002) . AJM-1, which is expressed in the CeAJ and the crumbs-like gene eat-20 are two of these genes (Bossinger et al., 2001; Köppen et al., 2001; Shibata et al., 2000) . In pha-4 mutant embryos, anti-AJM-1 staining is significantly reduced in the region where the pharynx normally develops, while the epidermis and the intestine stains normally for AJM-1 (Mango et al., 1994) . Other genes that are involved in CeAJ formation in C. elegans, e.g. dlg-1, which encodes a MAGUK protein and physically interacts with AJM-1 (see below), were not identified as direct targets for PHA-4 regulation (Gaudet and Mango, 2002) .
During epidermal development in C. elegans two likely ELT-1 targets are elt-3 and lin-26 (Gilleard et al., 1997; Page et al., 1997) , which all three may act in a redundant pathway to activate epidermal differentiation. Forced ectopic expression of elt-3, another GATA-TF, results in widespread ectopic expression of the junctional protein AJM-1 and the putative zinc-finger-TF LIN-26 (Chanal and Labouesse, 1997; Labouesse et al., 1994 Labouesse et al., , 1996 . Deletion of the elt-3 gene shows that ELT-3 is not essential for either epidermal development or the viability of the organism (Gilleard and McGhee, 2001) . Although lin-26 is sufficient to induce ectopic expression of ajm-1, dlg-1, and che-14, their expression still occurs in lin-26 mutant embryos, suggesting redundancy in the induction of these genes during epidermal development (Quintin et al., 2001) .
During intestinal development end-1 and end-3 encode tightly linked GATA-TF homologs. end-1/3 expression appears to be temporally restricted to the early E lineage (Maduro and Rothman, 2002; Zhu et al., 1997) . Loss of both genes leads to an absence of endoderm, as judged by the absence of gut-specific differentiation markers, e.g. birefringent granules and mab 1CB4 staining (Babu, 1974; Okamoto and Thomson, 1985) . Overexpression of either end-1 is sufficient to promote endodermal differentiation from the descendants of non-endodermal precursors (Zhu et al., 1998) . The action of C. elegans END-1 in Xenopus suggests that similar mechanisms initiate endoderm development in nematodes and vertebrates (Shoichet et al., 2000) . Downstream of end-1 in C. elegans lies a second GATA-TF, named elt-2, which was cloned by virtue of its binding to the gut-specific ges-1 promotor (Hawkins and McGhee, 1995) . Homozygous elt-2 null mutant embryos show an aberrant DLG-1 pattern (O.B., unpublished results) and hatched worms die at the L1 larval stage with an apparent malformation or degeneration of gut cells . Ectopic expression of elt-2 activates ges-1 expression and causes the ectopic expression of other gut-specific markers, e.g. birefringent granules and the intermediate filament recognized by the monoclonal antibody MH33 (Edgar and McGhee, 1986; Francis and Waterston, 1985; Fukushige et al., 1998; Karabinos et al., 2001) .
In summary these observations suggest that during epithelial development in C. elegans some genes involved in apical junction formation are under direct control of tissue-specific TFs. A detailed analysis of epithelial polarity either in mutant embryos or after overexpression will answer the question, if these TFs could act as intrinsic cues that establish structural and molecular asymmetry at the cell surface.
Epidermal development in C. elegans
The epidermis of C. elegans derives as six rows of cells from the dorsal surface of the embryo (Simske and Hardin, 2001) . With the onset of morphogenesis, surface epidermal cells change shape coordinately: (1) the two rows of dorsalmost hypodermal cells interdigitate across the dorsal midline to form a single row of cells ( Fig. 2A ) in a process called dorsal intercalation; and (2) the two ventralmost rows of cells migrate over the ventral surface of the embryo (Fig. 2B ) until meeting with one another along the ventral midline in a process called ventral enclosure (Podbilewicz and White, 1994; Sulston et al., 1983; Williams-Masson et al., 1998) . Because a detailed analysis of the events leading to the polarization of the epidermis is missing so far, we will mainly focus on the role of the CeAJ during dorsal intercalation and ventral enclosure, two processes that are required for successful elongation of the C. elegans embryo.
Mutants, which are defective in genes encoding components of a catenin -cadherin complex (hmp-1, a-catenin; hmp-2, b-catenin; and hmr-1, E-cadherin) and genes that interfere with the establishment of the CeAJ (e.g. let-413 or dlg-1, see below) do not show dramatic defects during dorsal intercalation (Bossinger et al., 2001; Costa et al., 1998; Köppen et al., 2001; Legouis et al., 2000) . In contrast, in mutations of the C2H2 zinc finger protein DIE-1 dorsal hypodermal cells initiate but fail to complete the process of intercalation (Heid et al., 2001) . Thus other genes must be required during earlier stages of intercalation. A possible candidate gene is apr-1 (APC related protein). Since in zygotic apr-1 mutant embryos dorsal hypodermal cells often fail to intercalate, APR-1 may be required for the directed movement of dorsal hypodermal cells through a microtubule-dependent mechanism (Hoier et al., 2000) .
The sealing of the ventral epidermis is a crucial step during C. elegans development (Raich et al., 1999) . Rapid employment of a-catenin to sites of filopodial contact between ventral migrating epidermal cells ensures apical junction formation. Surprisingly, inactivation of the catenin -cadherin complex only perturbs adhesive strengthening between filopodia, while other ventral epidermal cells seal successfully in the absence of these proteins (Raich et al., 1999) . In let-413 mutant embryos, ventral epidermal cells initially maintain their cohesion but later do not adhere properly to each other and embryos often rupture during mid-morphogenesis (Legouis et al., 2000) . The electrondense structure of the CeAJ either basolaterally extends, becomes interrupted or is absent in the epidermis, while in wildtype it precisely localizes in close proximity to the apical membrane domain (Legouis et al., 2000) . In dlg-1(RNAi) embryos, the majority of cell -cell contacts is devoid of any electron-dense structure ). Nevertheless epidermal cell membranes remain correctly apposed and embryos arrest at the 2-fold stage of elongation with vacuoles in epithelial tissues (Bossinger et al., 2001; McMahon et al., 2001) . ajm-1 mutant embryos display a disturbed integrity of the CeAJ in the epidermis but enclose normally and initiate elongation without obvious morphological abnormalities, finally arresting at the 2 -3-fold stage (Köppen et al., 2001) .
Successful dorsal intercalation and ventral enclosure is a prerequisite for embryonic elongation. During this process, the embryo changes from a shape resembling a lima bean to a long, thin shape of a worm. During this process the membranes of the hypodermal cells fuse in a reproducible sequence to form cylindrical syncytial cells linked to each other by the CeAJ (Chin-Sang and Chisholm, 2000; Shemer and Podbilewicz, 2000) . Previous analysis of live epidermal cell fusion has shown that dissolution of the CeAJ takes place shortly after plasma membranes have disappeared between two fusing cells (Mohler et al., 1998) . Mutations in the extracellular domain of recently reported EFF-1, which encodes a novel membrane glycoprotein, completely block epithelial cell membrane fusion during C. elegans development without affecting other events such as differentiation and adhesion (Mohler et al., 2002) .
The progression from an early morphogenesis stage embryo to the shape of the hatching worm is dependent on intercellular junctions, an actin -myosin based contractile system and microtubules (MTs), which are necessary for the lengthening of individual epidermal cells along the anterior -posterior axis (Costa et al., 1997 (Costa et al., , 1998 Priess and Hirsh, 1986) . How is the process of elongation regulated? Analysis of mutants has identified several genes that probably function in the regulation of the actin -myosin network with regard to elongation of the C. elegans embryo. Mutations in the LET-502 Rho-binding kinase and the MEL-11 myosin phosphatase both cause defects in elongation (Wissmann et al., 1997 (Wissmann et al., , 1999 . let-502 and mel-11 have a reciprocal mutant phenotype and expression pattern in the epidermis, where they mediate contraction and relaxation, respectively. Mutations in the unc-73 gene and the mig-2 gene (encoding a Trio-like guanine-nucleotide exchange factor and a Rac homologue, respectively) enhance the mel-11 phenotype (Wissmann et al., 1999) . A putative target of MEL-11 and LET-502 regulatory pathway may be the non-muscle myosin regulatory light chain MLC-4, which is expressed in lateral rows of hypodermal cells. These cells fail to properly change shape in MLC-4 depleted embryos (Shelton et al., 1999) . Rho-like GTPases may regulate the phosphorylation of MLC-4. In C. elegans, CDC-42, RHO-1/CeRhoA, CED-10/RAC-1, RAC-2, and p21-activated kinase (PAK-1/ CePAK, a downstream target of CDC-42 and CeRac1) have been isolated (Chen and Lim, 1994; Chen et al., 1993a Chen et al., , b, 1996a . Interestingly, immunofluorescence analysis indicates that PAK-1, CDC-42 and RAC-1 are specifically expressed at the hypodermal cell boundaries (Chen et al., 1996a) . This observation might point to the involvement of the actin -myosin network in apical junction formation during the process of embryonic body elongation.
Intestinal development in C. elegans
During embryogenesis the E-lineage creates exclusively only 20 clonally derived intestinal cells, which assemble to form an single layered epithelial tube (Deppe et al., 1978; Leung et al., 1999; Sulston et al., 1983) . The correct establishment of the E-cell relies on a gene regulatory cascade, extending from early maternal regulators, to an inductive interaction in the 4-cell stage and finally to terminal differentiation genes (Maduro and Rothman, 2002; Thorpe et al., 2000) . Embryonic gut differentiation can be easily visualized by the presence of birefringent and autofluorescent gut granules in vivo (Babu, 1974; Bossinger and Schierenberg, 1992; Laufer et al., 1980) .
The main body of the intestine forms a tube, in which opposing cells build gut segments. The gut lumen is surrounded by a quartet of cells at the anterior end and subsequently by eight pairs of cells. Intestinal cells bear dense layers of microvilli on their apical surface (Sulston and Horvitz, 1977; Sulston et al., 1983) . In addition to its apico-basal polarity (see below), the embryonic gut epithelium shows a pronounced left -right and anteriorposterior asymmetry. During embryogenesis cells in the anterior of the gut undergo reproducible movements that lead to an invariant, asymmetrical 'twist', which requires the LIN-12/Notch-like signalling pathway of C. elegans (Hermann et al., 2000) . The gut esterase ges-1 gene, which is normally expressed in all cells of the endoderm, is expressed only in the anterior-most gut cells when certain sequences in the ges-1 promoter are deleted (Edgar and McGhee, 1986; Egan et al., 1995; McGhee and Cottrell, 1986) . The use of such a deleted ges-1 transgene as a biochemical marker of differentiation has allowed to investigate the basis of anterior -posterior polarity of the gut epithelium (Schroeder and McGhee, 1998) . The anterior gut fate requires no specific cell -cell contact but rather is produced autonomously within the E lineage. RNAi against the HMG protein POP-1 (Lin et al., 1995 (Lin et al., , 1998 , a downstream component of the Wnt signalling pathway in C. elegans abolishes anterior expression of ges-1, suggesting that the C. elegans endoderm is patterned by elements of the Wnt/pop-1 signalling pathway acting autonomously within the E-lineage (Schroeder and McGhee, 1998) .
In order to ensure vectorial transport capabilities and to prevent leakage, gut epithelial cells need a close seal in between them as well as to their neighbours. The detailed morphogenetic events leading to the assembly of the intestine into a coherent organ and the stereotype pattern of the CeAJ have been described in great detail ( Fig. 2C,D ; Bossinger et al., 2001; Leung et al., 1999) . During C. elegans embryogenesis, the gut precursor cells pass through the intricate process of mesenchymal -epithelial transition, termed cytoplasmic polarization in C. elegans, by which epithelial cell polarization is initiated, and cells continue to differentiate into highly specialized gut epithelial cells (Leung et al., 1999) . During cytoplasmic polarization gut nuclei and cytoplasmic components (e.g. yolk, lipids and Golgi) become localized to the future apical and basal pole, respectively (Leung et al., 1999) . After physical separation of the E-cell and further divisions in culture medium, containing serum, the 16-20 descendants form a cyst-like structure that is apically polarized towards a central cavity and shows gut-specific differentiation (Leung et al., 1999) . Analyses of the mechanisms that control epithelial polarization in other systems have revealed that cues for polarization are mediated by transmembrane proteins that operate at the apical, lateral, or basal surface (Drubin and Nelson, 1996; Knust, 2000; Yeaman et al., 1999b) . Ultrastructural and immunfluorescent analyses of C. elegans have identified basement membranes (BMs) on the pseudocoelomic face of the pharynx, intestine, hypodermis and surrounding the body wall muscles, and gonad (Albertson and Thomson, 1976; Huang et al., 2003; White, 1988) . BMs are extracellular networks of large polypeptides, such as collagen IV, laminin, and associated proteins. The product of two type IV collagen genes, emb-9 and let-2, are colocalized and are found in most BMs in C. elegans Gupta et al., 1997) . During C. elegans embryogenesis EMB-9 and LET-2 are primarily expressed in body wall muscles but are assembled into the BM that surrounds the pharynx and the intestine from the onset of morphogenesis . Antisera against two laminin a subunits, EPI-1 and LAM-3, stain all major BMs during embryogenesis, larval development, and the adult (Huang et al., 2003) . Hence, the BM may function as a basal cue for the establishment of the apico-basal axis in the gut primordium that is masked due to functional redundancy of BM proteins in the C. elegans genome (Hutter et al., 2000) .
Extracellular contacts between cells and a BM or between cells in the absence of a BM are sufficient to initiate segregation of cytoskeletal and membrane proteins. Polarized MT organization and restriction of sorting compartments to different regions of the cell may be important in facilitating protein sorting to specific membrane domains. In the course of cytoplasmic polarization of the C. elegans gut primordium, MTs are concentrating in the apical cytoplasm and form parallel to the lateral membrane along the apical-basal axis of the cells. They are required to initialize cytoplasmic polarization in the 16 E-cell stage, while later other mechanisms may also contribute to the polarized state (Leung et al., 1999) . Studies in permeabilized MDCK cells have demonstrated that MT motors are involved in the movement of apical and basolateral vesicles. Immunodepletion of cytosolic kinesin inhibited transport to the basolateral surface, whereas apical transport involved both dynein and kinesin (Lafont et al., 1994) . The C. elegans genome encodes 21 members of the kinesin family (Siddiqui, 2002) . The kinesin-like proteins KLP-18 and MKLP1/ZEN-4 are required for the assembly of acentrosomal meiotic spindles and cytokinesis, respectively (Powers et al., 1998; Raich et al., 1998; Segbert et al., 2003) . None of the C. elegans KLPs has been implicated in vesicle transport in epithelia so far, mostly due to an earlier requirement during embryogenesis.
Formation of the C. elegans apical junction
The dynamics of the appearance of adhesion molecules in the plasma membrane and their coalescence into a mature junction is an essential and yet poorly understood process.
During epidermal development in C. elegans, expression of apical junctional proteins begins at the time of epithelial differentiation, showing punctate localization around the cytocortex (Podbilewicz and White, 1994) . CeAJ proteins (Table 3) in the epidermis are initially distributed along the lateral membrane domain rather than in a discrete apical region. In addition, proteins seem to form distinct membrane domains, containing either DLG-1/AJM-1, or HMP-1 ). In contrast, in the gut primordium proteins of the CeAJ and the apical membrane domain (Table 3 ) become first enriched at the future apical pole (Fig. 3) . As development proceeds, junctional epitopes are distributed more laterally and the pattern of the CeAJ is refined, while the localization of apical epitopes is maintained (Bossinger et al., 2001; Leung et al., 1999) .
With regard to apical junction formation in the gut epithelium several potential models arise. One relies on the observation of apical vesicles, which appear in the 16 E-cell gut primordium at the ultrastructural level, shortly after cytoplasmic polarization (Leung et al., 1999) . If these vesicles originate from the apical membrane domain by endocytosis, they might function in removing CeAJ proteins Table 3 ). (a-c) Schematic cross-sections through a C. elegans gut epithelium (during different phases of early morphogenesis), demonstrate segregation of proteins, which finally become localized at: the apical cytocortex (green; e.g. PAR-3), the basolateral cytocortex (light blue, e.g. LET-413); the basal part of the CeAJ (red; e.g. DLG-1, AJM-1) and the apical part of the CeAJ (brown; e.g. CRB-1, HMP-1).
from this surface and target them to the lateral membrane domain, where the CeAJ evolves. Endocytotic activity of the gut primordium can be monitored by the uptake of fluorescently labelled transferrin not only in C. elegans but also in other nematodes, suggesting evolutionary conservation (Bossinger et al., 1996; Wiegner and Schierenberg, 1998) . Micromanipulation experiments, e.g. the inhibition of gut-specific endocytosis with the cationic amphiphilic drug chlorpromazine, might help to elucidate the process of CeAJ formation (Bossinger et al., 1996) . After highresolution tracking of E-cadherin-GFP in MDCK cells, a relationship between the actin cytoskeleton and the development of cadherin-mediated cell -cell adhesion has been hypothesized (Adams et al., 1998; Nelson et al., 2000) . In this model, E-cadherin and the actin -myosin network coordinate to remodel initial cell -cell contacts to a final condensation into a mature junction. Interactions of cellcell adhesion complexes, e.g. catenin-cadherin with actin filaments either directly or through actin-associated proteins, such as a-actinin or members of the ezrin -radixinmoesin protein family have been described (James et al., 2001; Knudsen et al., 1995; Lallemand et al., 2003; Pujuguet et al., 2003; Rimm et al., 1995) . Depletion of C. elegans ERM-1 function by RNAi abolishes specifically the assembly of actin microfilaments at the apical cortex of the gut cells. As a consequence the positioning of apical junction molecules is severely perturbed (O.B., unpublished results).
Members of the small GTPase families have emerged as critical players at multiple stages during epithelial development in other systems (Van Aelst and Symons, 2002) . It has been suggested that LET-413, the homolog of Drosophila Scribble (see below) interacts with members of these small GTPase families and thus may be involved in the organization of the actin cytoskeleton to ensure wellorganized trafficking of apical junctional proteins in C. elegans epithelia (Legouis et al., 2000) . LET-413 is ubiquitously expressed in the cytocortex of all cells until early morphogenesis phase but later becomes restricted to the basolateral membrane domain of epithelial cells (Legouis et al., 2000) . In let-413(RNAi) embryos, timelapse multiphoton analysis of DLG-1/AJM-1-GFP fusion proteins revealed that during dorsal intercalation of epidermal cells both proteins show punctate localization patterns at the CeAJ and are partially localized to the lateral membrane domain, while later accumulate at a narrow apical region of the epidermal junctions (Köppen et al., 2001 ). In addition, both proteins show a delayed accumulation at the cellular apex, which is reminiscent to the phenotype observed in the C. elegans intestine. In let-413(RNAi) embryos early confinement of the DLG-1/AJM-1 complex to the apical membrane domain is missing, while later the apical junctional pattern consists of only spots of DLG-1/AJM-1 (O.B., unpublished results). In contrast to the requirement for LET-413 in DLG-1 localization, LET-413 remained normally localized in dlg-1(RNAi) embryos .
Taken together, these observations suggest that LET-413 function at the basolateral and the apical cytocortex coordinates the assembly of proteins at the basal part of the CeAJ (Table 3) in the epidermis and the intestine, respectively. The spreading of DLG-1 along the lateral membrane domain of intestinal cells in ajm-1(RNAi) embryos (O.B., unpublished results) argues against a potential role of LET-413 to restrict lateral diffusion but indicates the necessity of clustering DLG-1 in the basal region of the apical junction. DLG-1 physically interacts with AJM-1 and its conserved amino-terminus directs localization to the apical junction (Firestein and Rongo, 2001; Köppen et al., 2001 ). Depletion of either protein does not affect characteristics of apico-basal polarity. RNAi against DLG-1 causes disassembly of the continuous AJM-1 pattern (Bossinger et al., 2001; Köppen et al., 2001; McMahon et al., 2001) . In contrast ajm-1 embryos reveal separations within the CeAJ, creating paracellular gaps, while flanking areas seem properly sealed (Köppen et al., 2001) . The localization of the DLG-1/AJM-1 complex is independent of the catenin -cadherin complex (Bossinger et al., 2001) . Interestingly, in a let-413 background, the distribution of proteins (Table 3) , which either localize to the apical part of the CeAJ (e.g. HMP-1, a-catenin) or to the apical membrane domain (e.g. PAR-3, PAR-6, PKC-3) is largely unaffected during early morphogenesis, while later in development their correct localization is no longer maintained (Bossinger et al., 2001 ; O.B., unpublished results; Köppen et al., 2001; McMahon et al., 2001) .
In C. elegans mutations in the catenin -cadherin complex (Table 3) only cause defects in epithelial sheet sealing, but do not affect epithelial polarity and cell adhesion in general (see above). This is in sharp contrast to the formation of the ZA in the Drosophila embryo where the elimination of, e.g. D E-cadherin has dramatic effects on polarization, ZA formation and epithelial structure (see below). Furthermore, the correct formation of the ZA in Drosophila depends on the transmembrane protein Crumbs (Crb), which binds to the MAGUK protein Stardust (Sdt) (see below). In C. elegans, injection of double stranded RNA against crb-1 and sdt-1 leads to embryos that develop normally (Bossinger et al., 2001 ; O.B., unpublished results). In Drosophila, mutations in another well-characterized protein complex that is formed by the PDZ proteins Bazooka (PAR-3), DmPar-6, and an atypical protein kinase (DaPKC) cause severe defects in epithelial development (see below). Although in C. elegans the PAR-3/PAR-6/PKC-3 complex is involved in setting up polarity in the one-cell embryo (Cuenca et al., 2003; Kemphues, 2000; Pellettieri and Seydoux, 2002) , its role during epithelial development is still elusive. Surprisingly, all three proteins are localized at the apical membrane domain of the gut epithelium (Bossinger et al., 2001; Leung et al., 1999; McMahon et al., 2001 ). In addition, a recent study discovered an essential role for another polarity protein, PAR-1 in the development of vulval epithelial cells, which form the C. elegans egg-laying system (Hurd and Kemphues, 2003) . A future challenge in the analysis of epithelial development in C. elegans will be the design of tissue-specific knockdown strategies to overcome the early requirement of, e.g. the PAR proteins. The existence of TFs that direct organ formation in the C. elegans embryo (see above) will undoubtedly facilitate this approach.
Epithelial models in Drosophila
Over the past 10 years some major contributions to the field of epithelial cell biology have been provided by the genetic analysis of Drosophila embryogenesis. Systematic genetic screens led to the identification of mutations that specifically affect the formation of epithelia Merrill et al., 1988; Nüsslein-Volhard et al., 1984; Perrimon et al., 1986 Perrimon et al., , 1996 Wieschaus et al., 1984; Wieschaus and Sweeton, 1988) . The identification of the affected genes offered an entry into the systematic dissection of the complex machinery that drives and maintains epithelial polarity in general. The analyses of these mutations then prompted researchers to conduct more specific molecular and genetic screens. Related research in vertebrate tissue culture systems has provided the first insights into a complex molecular network of interactions underlying epithelia polarity that we are just beginning to understand. In this chapter, we will put emphasis on novel findings made in the genetic analysis of epidermal development in the Drosophila embryo, epithelial polarity in the wing imaginal disc and the follicle epithelium.
Development of the epidermis in the Drosophila embryo
The differentiation of the epidermal epithelium can be divided into three phases: (1) cell formation; (2) ZA maturation; (3) epithelial maturation (Fig. 4) . As in most dipteran insects, the centrolecital eggs of Drosophila undergo a superficial cleavage after a series of mitotic division cycles that are not followed by cytokinesis (Foe et al., 1993) . Cell formation or cellularization occurs in the interphase of mitotic cycle 14 and leads to the formation of a simple epithelial monolayer, the so-called blastoderm epithelium (Mazumdar and Mazumdar, 2002) . The epithelial features of the blastoderm include an apical array of spot-like adherens junctions, which can be regarded as an incipient ZA. During ZA maturation, the incipient ZA gradually coalesce to a continuous ZA (Mü ller and Wieschaus, 1996; Tepass, 1996; Tepass and Hartenstein, 1994a) . The formation of SJ occurs much later during development of the ectoderm, as electron microscopic analyses revealed that SJ are first detectable at embryonic stage 12, which is long after completion of the maturation of the ZA (Tepass and Hartenstein, 1994a) . These three phases of epidermal development will now be discussed in three separate chapters.
Cell formation
The process of cellularization integrates cytokinesis and epithelial cell polarization. The major driving forces of cellularization are believed to be a contractile actin/myosin network and polarized membrane insertion (Schejter and Wieschaus, 1993) . The kinetics of membrane extension during cellularization indicates two phases of this process: a slow phase and a fast phase of membrane formation (Turner and Mahowald, 1976) . Membrane labelling experiments and inhibitor studies indicate that in both phases the newly formed plasma membranes stem from internal membrane pools (Lecuit and Wieschaus, 2000; Sisson et al., 2000) . Since membrane formation is also compromised by MT depolymerizing drugs, transport via MTs is likely to play a role in membrane growth (Lecuit and Wieschaus, 2000) .
The product of cellularization is a cell monolayer with many epithelial features. Two types of adherens junctions are formed during cellularization and their formation has been studied in great detail (Fig. 4) . At the very beginning of slow phase, an isolated membrane domain, called furrow canal, is formed which consists of components of the original egg membrane domain (Lecuit and Wieschaus, 2000) . Just apical to the furrow canal, components of the cadherin/catenin system and b H -spectrin accumulate, indicative for the presence of adherens junctions (Hunter and Wieschaus, 2000; Müller and Wieschaus, 1996; Thomas and Williams, 1999) . Because this region is also structurally characterized by a close membrane contact, it has been called basal junction. As the furrows move further basally, the basal junction remains associated with the furrow canal. Additional spot-like adherens junctions form on the lateral membrane domains of the growing cells (Müller and Wieschaus, 1996; Tepass, 1996; Tepass and Hartenstein, 1994a) . By the end of cellularization, the furrow canals widen and eventually fuse with each other leaving only small connections with the central yolk cell. Adherens junctions are also reorganized during this phase such that spot adherens junctions accumulate apically, while basal junctions disappear (Hunter and Wieschaus, 2000; Lecuit and Wieschaus, 2000; Müller and Wieschaus, 1996) . Cellularization depends on zygotically expressed genes and maternally supplied gene products. The majority of the known genes encode proteins that share only very limited sequence similarity with other proteins or protein domains in the databases. Pangenomic screens have identified six genes; the zygotic expression of which is crucial for the cellularization process (Schejter et al., 1992) . Mutations in either of the genes nullo, bottleneck (bnk), or serendipity a (sry a) or their transcriptional regulators result in specific defects in the formation of the actin network (Tang et al., 2001 ). In addition, nullo has been shown to be also involved in the formation of the basal junctions (Hunter and Wieschaus, 2000) . Interestingly, the incipient ZA is not affected in nullo mutants, suggesting that formation of the apical and basal junctions might be governed by different mechanisms. It will be interesting to see, whether the difference for Nullo requirement is also paralleled by differences in molecular composition of basal vs. apical junctions.
Another zygotic cellularization locus, the slow as molasses (slam) gene, has recently been cloned by two labs (Lecuit et al., 2002; Stein et al., 2002) . slam mutant embryos lack the first, slow phase of cellularization and exhibit severe defects in the assembly of the furrow canal and the basal junction (Lecuit et al., 2002) . This phenotype results in a failure of membrane assembly on the future basolateral domain and formation of smaller cells. The functional link between the failure to assemble furrow membranes and the failure to form the initial furrow canal and basal junctions is unclear. slam encodes a novel protein, which localizes to furrow canals and disappears after cellularization (Stein et al., 2002) . Despite its cellularization-specific expression profile, Slam is also required for correct migration of primordial germ cells, which depends on positional information provided by the somatic cells later in development (Stein et al., 2002) . It has therefore been proposed, that Slam might be required for the generation of positional cues for directed cell migration already during somatic cell formation. This suggests that during cellularization the newly formed cells might also receive important positional information for later development.
Zonula adherens maturation
By the end of cell formation, the dynamic morphogenetic movements of gastrulation commence. Since cellularization is first completed in the ventral cells, basal junctions and furrow canals are first resolved in the ventral region of the embryo (Grosshans and Wieschaus, 2000; Hunter and Wieschaus, 2000) . This early phase after cellularization marks the beginning of ZA maturation and the generation of a restricted basolateral membrane domain. The formation of the incipient ZA requires the functions of the genes bazooka (baz), atypical PKC (DaPCK), and armadillo (arm); in addition, genetic evidence suggests that the product of stardust (sdt) acts redundantly with baz to localize spot adherens junctions apically (see below) (Cox et al., 1996; Müller and Wieschaus, 1996; Tanentzapf and Tepass, 2003; Wodarz et al., 2000) . Similarly, in vertebrate epithelia, expression of a dominant negative version of aPKC blocks the coalescence of spot adherens junctions into belt-like ZAs (Suzuki et al., 2002) . Because of the lack of early apical membrane markers, the time point of the establishment of the apical membrane identity is unclear. The first known protein that is restricted to the apical membrane is the product of the crumbs (crb) gene, a single pass-transmembrane protein, which itself is involved in generating apical membrane identity (Tepass et al., 1990; Wodarz et al., 1995) .
The genetic control of ZA maturation has been the subject of many studies. Mutations that affect ZA maturation, such as scribble (scrib), sdt or crb, exhibit similar phenotypes: while cellularization and formation of the incipient ZA is normal, during gastrulation, the incipient ZA becomes fragmented and never forms a continuous apical ZA during mid-embryogenesis (Bachmann et al., 2001; Bilder et al., 2000b; Bilder and Perrimon, 2000; Grawe et al., 1996; Hong et al., 2001; Müller and Wieschaus, 1996; Petronczki and Knoblich, 2001; Tepass, 1996) . The localization of the protein products and their physical and genetic interactions suggest that ZA maturation depends on apical and basolateral cues, which might be triggered through distinct protein complexes (Bilder, 2001; Johnson and Wodarz, 2003) . The apical cue is provided by protein complexes in the so-called subapical region (SAR, also called the marginal zone) (Knust and Bossinger, 2002; Tepass et al., 2001) (Fig. 4) . A basolateral cue is produced by proteins localized in a specific domain of the lateral membrane, which is situated just adjacent to the ZA and is called the 'apical margin of the lateral membrane (ALM)' (Fig. 4) (Bilder et al., 2000b) . In Sections 4.1.2.1 -4.1.2.3, we will summarize the functions of protein complexes involved in the apical and basolateral cues as well as the genetic interactions between the different protein complexes.
4.1.2.1. Apical cues in zonula adherens maturation. The SAR constitutes a domain of the apical membrane, which accumulates certain apical membrane components and which is juxtaposed to the apical aspect of the ZA. The SAR contains at least two core protein complexes: the Crb complex and the Baz complex (Fig. 5) . The Crb complex contains the cytoplasmic scaffolding protein Discs Lost (Dlt), which binds to the MAGUK protein Stardust (Sdt), which in turn binds to a conserved amino acid motif (ERLI) at the carboxyterminus of Crb (Bachmann et al., 2001; Bhat et al., 1999; Hong et al., 2001 ). The Baz complex contains DmPAR-6 and DaPKC, which both bind to Baz (Petronczki and Knoblich, 2001; Wodarz et al., 2000) . Central to both of these core complexes are proteins containing PDZ domains, which represent protein -protein interaction domains (Hung and Sheng, 2002; Songyang et al., 1997) . One major function of such protein complexes is the formation of large protein interaction platforms for the stabilization of specific membrane domains, the local activation of signalling events and the polarized delivery of membrane vesicles (Yeaman et al., 1999a) . These functions might involve the binding of the complexes to additional components of the secretory machinery and the cytoskeleton. Interestingly, Crb is also part of a complex with the actin-associated proteins DMoesin and b H -spectrin . This interaction is mediated by a conserved binding motif for FERM (4.1 protein/Ezrin/Radixin/Moesin) proteins in the juxtamembrane region of the Crb cytoplasmic domain and might provide a molecular link between the SAR and the ZA (Klebes and Knust, 2000; Medina et al., 2002) .
The Crb complex and the Baz complex are conserved in vertebrate epithelia and play important roles in the generation of cell polarity and the formation of TJs ( Fig. 1) (Ohno, 2001 ). Three Crb homologs are known in vertebrates, CRB1, CRB2 and CRB3 and the homologue of Sdt and Dlt are called Pals-1 and PATJ, respectively (Petronczki and Knoblich, 2001; Wodarz et al., 2000) . Additional interactions of these three proteins have been shown in vertebrate culture cells but not in Drosophila so far (Joberty et al., 2000; Lin et al., 2000; Suzuki et al., 2001 ). (B) The Crumbs (CRB) complex: the cytoplasmic tail of CRB contains two binding domains, the juxtamembrane domain (JM) containing a FERM binding consensus sequence and the carboxyterminal motif ERLI (Klebes and Knust, 2000; Medina et al., 2002) . The JM of CRB is required to recruit Dmoesin (DMoe) and b H -spectrin (b H ) to the cell surface . SDT binds to the ERLI motif of CRB via its PDZ domain and also binds to the L27 domain of DLT via its own L27 domain (Bachmann et al., 2001; Hong et al., 2001; Roh et al., 2002b) . (C) Components of the ALM: Scrib and Dlg are localized to the ALM during ZA maturation (see Fig. 2 ). Scrib is a LAP family protein, Dlg represents a MAGUK protein and LGL contains WD40 repeats and was recently shown to represent a phosphorylation target of aPKC (Betschinger et al., 2003; Plant et al., 2003; Yamanaka et al., 2003) . (den Hollander et al., 2002; Lemmers et al., 2002; Makarova et al., 2003; Medina et al., 2002; Roh et al., 2002b) . Although the cytoplasmic domain of CRB1 is highly conserved and is able to restore Crb function in the Drosophila embryo, CRB1 expression in the mouse is restricted to the eye and the central nervous system (den Hollander et al., 2001b (den Hollander et al., , 2002 . CRB3 is a short version of Crb with a conserved cytoplasmic domain and only 36 amino acids in the extracellular domain compared to about 1000 amino acids of the CRB1 extracellular domain (Makarova et al., 2003) . Endogenous Pals1 and PATJ are localized at TJs and partially overlap with CRB3 at TJs, indicating that this protein complex is part of a TJ associated cortical domain (Lemmers et al., 2002; Medina et al., 2002; Roh et al., 2002a,b) . PATJ binds to ZO-3 and this interaction is important for the recruitment of PATJ to the TJ. Thus PATJ might link the Crb complex to other proteins of the TJ cytoplasmic domain (Roh et al., 2002a) . Interestingly, endogenous CRB3 protein is not restricted to the TJ, but is present throughout the apical membrane (Makarova et al., 2003) . This distribution of CRB3 is similar to the distribution of Crb in the fly epidermis (Tepass et al., 1990) . It remains to be shown, whether the vertebrate Crb complex also interacts with FERM-proteins as data from Drosophila would suggest.
The components of the Baz complex were originally identified as par genes in C. elegans (Pellettieri and Seydoux, 2002) . ASIP/PAR-3, the vertebrate homologue of Baz, and its binding partners PAR-6 and aPKC are localized at TJs in epithelial cells, probably through binding of ASIP/PAR-3 to JAM, a single pass-transmembrane protein present in TJs (Dodane and Kachar, 1996; Ebnet et al., 2001; Itoh et al., 2001; Izumi et al., 1998; Johansson et al., 2000; Lin et al., 2000; Saxon et al., 1994; Stuart and Nigam, 1995) . In cultured epithelial cells the ASIP/PAR-6/ aPKC complex is involved in the biogenesis of TJs and the ZA (Gao et al., 2002; Hirose et al., 2002; Joberty et al., 2000; Suzuki et al., 2001 Suzuki et al., , 2002 . The function of this protein complex in epithelial polarity might involve signalling events, as the ASIP/PAR-6/aPKC complex binds to the activated form of two members of small GTPases of the Rho-family, Cdc42 and Rac1 (Joberty et al., 2000; Johansson et al., 2000; Lin et al., 2000; Qiu et al., 2000) . How Cdc42 and Rac1 might regulate cell polarization is unclear, but these GTPases play important roles in cellular functions that are involved in cell polarity, such as cadherinmediated cell adhesion, regulation of TJ, vesicle transport in epithelial cells and regulation of the actin cytoskeleton (Fukata and Kaibuchi, 2001; Hall, 1998; Jou and Nelson, 1998; Kroschewski et al., 1999) . Another possible signalling mechanism might involve the activity of aPKC, which can be controlled by its binding to PAR-3 and PAR-6 . In vitro experiments show that ASIP/PAR-3, which itself is a substrate of aPKC, can act as an inhibitor of aPCK activity, while PAR-6 is able to promote the kinaseactivity. In addition, aPKCs were shown to be activated downstream of the phosphatidyl-inositol 3 kinase (PI3 kinases) pathway (Akimoto et al., 1996) . Clearly, the dissection of the regulation of aPKC activity and the identification of its substrates represent major challenges in the current field (see below).
Basolateral cues in zonula adherens maturation.
Three genes are known to be involved in providing a basal cue for epithelial polarization during ZA maturation, two of which had been known before as tumour suppressor genes (Fig. 5) . Mutations in the genes dlg and lgl were known for their effects on epithelial polarity and growth regulation in imaginal disc epithelia (Mechler et al., 1985; Woods and Bryant, 1991) . The third gene of this basal cue, scrib, was identified in a genetic screen for mutations affecting epithelial polarity in the embryo (Bilder and Perrimon, 2000) . Although a direct physical interaction of the three proteins remains to be shown, immunolocalization and genetic studies suggest that they might form a protein complex. Dlg and Scrib colocalize in the epidermis in the ALM (Bilder et al., 2000b) . Lgl is not restricted to the ALM, but exhibits some colocalization with Dlg and Scrib, indicating that Lgl might dynamically interact with the other two proteins. Furthermore, Lgl is required for the accumulation of Dlg and Scrib to the ALM, as in lgl mutants these proteins exhibit a less restricted distribution (Bilder et al., 2000b) . While Scrib is only required for the restriction of Dlg localization to the ALM, Dlg is generally required for Scrib association with the plasma membrane. In addition, both Scrib and Dlg are required for the localization of Lgl to the plasma membrane. Together these results suggest that Dlg is essential for binding Scrib to plasma membranes and Scrib in turn is needed to recruit Lgl to the membrane.
dlg encodes a protein of the MAGUK family, scrib, a multiple PDZ domain and leucine-rich repeat protein, and lgl encodes a protein with WD-40 repeats. The analysis of a human Dlg homologue, hDlg, has received much attention because of its role as a tumour suppressor. hDlg is a functional target of the viral oncoproteins E6 of high-risk human papilloma virus and E4 of adenomavirus (Kiyono et al., 1997; Lee et al., 1997) . The binding of these viral proteins target hDlg for proteosome-mediated degradation and this process is necessary for the oncogenic capacity of the proteins (Gardiol et al., 1999 (Gardiol et al., , 2002 . In addition, hDlg binds to a protein complex containing the tumour suppressors Adenomatus Polyposis Coli (APC) and b-catenin, and might negatively regulate cell cycle progression (Ishidate et al., 2000; Matsumine et al., 1996) . Many proteins have been found to interact with hDlg, e.g. MT associated protein MAP1a and the motor protein GAKIN, which both bind to the GUK domain of hDlg (Asaba et al., 2002; Dimitratos et al., 1999; Hanada et al., 2000) . In addition, hDlg binds to another MAGUK protein, hCASK, the homologue of the C. elegans protein Lin-7 (Nix et al., 2000) . While in epithelial cells hDlg localizes to the basolateral membrane domain, it has also been shown to localize to the nucleus (Marfatia et al., 1996; McLaughlin et al., 2002) . The presence of hDlg at distinct cellular compartments most likely represents the differential localization of alternatively spliced isoforms (McLaughlin et al., 2002) . The analysis of hDlg has shown multiple molecular interactions and supports the importance of Dlg in growth control and epithelial polarity.
Scrib is a founding member of a protein family entitled LAP (leucine-rich repeat and PDZ); mammalian LAP proteins include the human Scribble, Erbin, Densin 180, and Lano (Bilder et al., 2000a) . For some of the mammalian homologues, it has been shown, that they interact with components of cell junctions in epithelial cells. Erbin was originally identified as a basolateral protein, which binds to the EGF-receptor ErbB2/HER (Borg et al., 2000) . Later it has been found that Erbin also binds to the catenin-related protein plakophillin-4 (also called p0071) and localizes to desmosomes (Izawa et al., 2002; Jaulin-Bastard et al., 2002; Laura et al., 2002; Ohno et al., 2002) . Likewise, Densin 180, a neuronal-specific LAP protein, also binds to a cateninrelated protein (Izawa et al., 2002) . In keratinocytes, Erbin was found to bind to components of hemidesmosomes, such as b4-integrin (Favre et al., 2001 ). Together, these data implicate a function of LAP proteins in cell signalling and the assembly of large protein aggregates, such as cell junctions. Like hDlg, the human homologue of Scrib, Vartu1, binds to papillomavirus E6 protein, which targets Vartu1 for degradation (Nakagawa and Huibregtse, 2000) . Recently the mouse circletail mutant has been shown to carry a mutation in the mouse homologue Scrib1 (Murdoch et al., 2003) . circletail mutants produce a severe neural tube defect, called craniorachischisis, which affects the entire brain and neural chord and is based on a failure to initiate neural tube closure. Further analysis of the cellular basis of the circletail phenotype might help to unravel functions of the Scrib1 and unravel its potential roles in neural tube formation and epithelial morphogenesis.
Lgl is highly conserved from yeast to man; the S. cerevisiae homologues are called Sro7/Sro77 and the vertebrate homologues are called Mlgl in the mouse or Hulgl in human (Kagami et al., 1998; Lehman et al., 1999; Müsch et al., 2002; Strand et al., 1995; Tomotsune et al., 1993) . In addition, a neuronal protein called tomosyn has been identified, which is very similar to Lgl (Fujita et al., 1998) . Several lines of evidence suggest that Lgl acts in exocytosis. In yeast, Sro7/Sro77 are required for late steps in exocytosis and interact with Sec9, a t-SNARE (Lehman et al., 1999) . Tomosyn binds to the t-SNARE syntaxin 1 and in vitro studies suggest that tomosyn might be required for exocytosis (Fujita et al., 1998) . In cultured vertebrate epithelial cells, Mlgl is recruited to basolateral membrane domains during polarization of the cells (Müsch et al., 2002) . Mlgl binds to the t-SNAREs syntaxin 4, a component of the machinery driving basolateral membrane insertion (Low et al., 1996; Müsch et al., 2002 ). In addition, genetic studies in Drosophila provided evidence for a non-cell autonomous function of Lgl in Dpp (TGFb)-secreting cells, suggesting that Lgl might function in the secretory pathway as well in vivo (Arquier et al., 2001) .
The activity of Lgl is likely to be regulated by posttranslational modification. Mlgl is phosphorylated at several serine residues in a highly conserved stretch of 25 amino acids in the centre of the protein (Kalmes et al., 1996; Müsch et al., 2002) . Mutation of these phosphorylation sites abolishes the ability of Mlgl to localize basolaterally. Interestingly, Drosophila Lgl is also phosphorylated, probably at the same serine-rich domain and involving kinase-activity associated with a protein complex containing Lgl (Kalmes et al., 1996) . Recently, Lgl was identified as a substrate of aPKC (see below) (Betschinger et al., 2003; Plant et al., 2003; Yamanaka et al., 2003) . In addition, both Drosophila Lgl and Mlgl associate with nonmuscle myosin II (Strand et al., 1994a,b) . While the binding of myosin II to Lgl might depend on phosphorylation, a nonphosphorylated mutant form of Mlgl does still bind to myosin II (Kalmes et al., 1996; Müsch et al., 2002 ). The precise functions of Lgl are still obscure, and some of the major questions will be to address its role in vesicle transport during ZA maturation, to identify the regulators of its activity and to unravel the functional importance of its interactions with myosin II, Dlg and Scrib. 4.1.2.3. Interaction of apical and basolateral cues. We have seen that spatially restricted membrane associated protein complexes are important for the regulation of apicalbasolateral polarity during ZA maturation. Are these protein complexes acting independently or do they interact? Recent studies indicate that these protein complexes do functionally interact. Crb shows an interesting genetic interaction with gene products of the ALM domain, like Scrib, Lgl or Dlg. Mutations in scrib, dlg and lgl are able to suppress to a large extent the phenotype of crb mutant embryos (Bilder et al., 2003; Tanentzapf and Tepass, 2003) . This surprising result can be explained by a negative interaction of the Dlg/Scrib complex with a crb independent polarity pathway. This crb independent pathway might involve the Baz complex, because the Baz complex and the Crb complex are acting redundantly (Müller and Wieschaus, 1996; Tanentzapf and Tepass, 2003) . These results support a model in which apical and basal cues are counteracting each other to provide a high fidelity system, which localizes the ZA at the correct position. Scrib might suppress apical membrane character by blocking the activity of the Baz complex along the lateral domain. This lateralizing character is counteracted by the Crb complex, which itself is recruited to the apical membrane domain by the Baz complex (Bilder et al., 2003) .
The genetic interactions between apical and basolateral protein complexes were recently strongly supported by two findings. Firstly, components of the Baz complex, namely PAR-6, and of the Crb complex, namely Pals1, physically interact in cultured cells . Secondly, a number of recent reports demonstrated that Lgl is regulated through phosphorylation by DaPKC (Betschinger et al., 2003; Plant et al., 2003; Yamanaka et al., 2003) . In addition, in mammalian cells, mLgl is able to physically interact with mPar-6 and forms a complex with aPKC (Plant et al., 2003; Yamanaka et al., 2003) . Furthermore these studies demonstrated that phosphorylation of mLgl is required for polarization and TJ formation in different cell types. These results suggest that phosphorylation of Lgl is crucial for the assembly and probably for the positioning of protein complexes during polarization of epithelial cells.
What remains to be addressed is the effect of the apical and basolateral complexes on the formation and the positioning of the ZA. For example, it is still an open question how ZA-components interact with these complexes. One potential interaction is suggested by the fact that Crb interacts with components of the spectrin cytoskeleton . In particular, the interaction with b H -spectrin is interesting in this context, because b H -spectrin has been reported to be associated with the ZA (Thomas and Williams, 1999) . Another possible link of apical components and the ZA come from studies in cultured cells, where components of TJs, such as ZO-1, colocalize with E-cadherin under certain conditions (Ando-Akatsuka et al., 1999; Yonemura et al., 1995) . Since this potential interaction is restricted to early stages in cell -cell contact, it might be important for the generation of ZA formation.
Epithelial maturation
The maturation of the ZA is completed after germ band extension movements during gastrulation. In the next phase, which we called epithelial maturation, SJs are formed, and the expression of markers for apical -basolateral surface polarity can be observed (Wodarz et al., 1995) . SJ form at the ALM and consequently, Dlg and Scrib protein are localized at the SJ, although this has not yet been confirmed by immuno-electron microscopy (Bilder et al., 2000b (Bilder et al., , 2003 Woods and Bryant, 1991) . Further molecular components of SJ, are the transmembrane protein Neurexin (Nrx) and the band 4.1. protein Coracle (Baumgartner et al., 1996; Fehon et al., 1994) . The formation of SJs depends on the presence of nrx, dlg and scrib (Baumgartner et al., 1996; Bilder et al., 2003) . Surprisingly, in lgl mutants, SJs are formed normally, although the localization of Dlg and Scrib to the ALM is affected in lgl mutant embryos (Bilder et al., 2000b; Tanentzapf and Tepass, 2003) . This result points at two distinct functions of Dlg and Scrib. During ZA maturation, Dlg and Scrib are localized at the ALM to control lateral positioning of the ZA. During epithelial maturation Dlg and Scrib control SJ formation, but this does not require their localization to the ALM, which in turn might be controlled by Lgl activity. This hypothesis is also supported by the fact that, ZAs can form in the absence of SJs (Baumgartner et al., 1996; Bilder et al., 2003; Hough et al., 1997; Lamb et al., 1998; Ward et al., 1998; Woods and Bryant, 1991) . These observations suggest that the regulation of SJ formation might be independent of the maturation of the ZA or the establishment of cell surface polarity.
4.2. Genetic control of epithelial cell polarity in larval and adult tissues of Drosophila 4.2.1. Imaginal wing disc epithelium
The imaginal discs represent another type of epithelia, which are of interest not only for aspects of pattern formation, but also for the study of epithelial cell polarity. The fact that signalling pathways are well defined in imaginal discs development led to the use of these tissues to resolve cell biological questions related to signal transduction through polarized epithelia (reviewed elsewhere in this issue by Gonzales-Gaitan). Imaginal discs develop from invaginations of the ectoderm during late embryonic/early larval stages. They will give rise to the major appendages of the adult fly during metamorphosis. The wing disc epithelium is composed of a squamous layer, the so-called peripodial membrane and a columnar layer, the disc epithelium proper. Some of the major epithelial regulators had originally been identified by defects observed in mutant wing discs, such as dlg and lgl (reviewed in Müller, 2000) .
The analysis of Moesin (Moe) functions in wing discs has recently provided an interesting novel link between FERM domain proteins and signalling through Rho GTPases (Speck et al., 2003) . Moe colocalizes with actinrich structures and accumulates in the apical domain of the wing disc epithelium (Edwards et al., 1997; McCartney and Fehon, 1996) . Mutations in moe abolish the ordered monolayer configuration of the epithelium and lead to abnormal cell dispersal (Speck et al., 2003) . A similar phenotype was observed for overexpression of Rho1, which suggests that Moe might act to antagonize the Rho pathway. In fact, mutations in Rho1 are able to dominantly suppress the moe mutant phenotype. While the molecular pathway underlying this interesting genetic interaction is not clear, it should be noted that FERM domain proteins were found to physically interact with regulators of Rho-activity, such as guanine-nucleotide exchange factors and GDP-dissociation inhibitors (Takahashi et al., 1997 (Takahashi et al., , 1998b . These interactions might provide a mechanistic insight into the missing link in the regulation of Rho GTPases by Moesin.
Another GTPase of the ras-superfamily, called Rap1, also recently stepped on the stage of adherens junction regulation in the wing disc epithelium (Asha et al., 1999; Knox and Brown, 2002) . Rap1 has multiple functions in a variety of signalling pathways (Bos et al., 2001) . The phenotype of rap1 mutant cells in the disc epithelium, indicates that Rap1 is required for the even positioning of ZA-components along the apical circumference of the cells (Knox and Brown, 2002) . Strikingly, Rap1-GFP is enriched at sites of ZA resealing after cytokinesis, suggesting that it might be required for the generation of novel apical adherens junctions after cytokinesis of epithelial cells. While Rap1 is not required for apical positioning of the ZA, the mutant cells progressively loose adherens junction components, like D E-cadherin, while the SJ appear to remain evenly distributed as judged by Dlg distribution. In Drosophila and in mammalian cells, the activated form of Rap1 exhibits an interesting physical interaction with the ZA resident protein Canoe/AF6 (Knox and Brown, 2002; Linnemann et al., 1999) . This interaction might link Rap1 function to adherens junction formation and might involve a large protein complex, because the PDZ domain protein Canoe also binds to Cortactin and Polychaetoid (Pyd), the fly homologue of ZO-1 (Takahashi et al., 1998a) . Interestingly, Rap1 has multiple functions during morphogenesis, such as cell migration and epithelial sheet movement and it will thus be interesting to see how these functions relate to its role in regulating adherens junctions (Asha et al., 1999) .
Ovarian follicle epithelium
In adult flies, the somatic follicle epithelium in the ovary has been utilized to assess specific gene functions in epithelial polarity. Within a Drosophila egg chamber, the somatic follicle epithelium surrounds the germ cells; the follicle cells form a monolayer with their apical membrane facing the germ cells. This epithelium originates from epithelial stem cells, which are localized in the germarium, which represents the structure continuously producing new egg chambers in the fly (Margolis and Spradling, 1995) . Initially follicle cells are connected by apical adherens junctions and after their proliferation has ceased, SJ formation occurs rapidly (Mü ller, 2000) . Similar to embryonic epithelia, follicle epithelial cells also develop a SAR, where Crb and Dlt proteins accumulate (Tanentzapf et al., 2000) . The basal membrane domain is attached to a basal lamina via b PS -integrins and cell -cell adhesion is mediated through D E-and DN-cadherin (Goode and Perrimon, 1997; Tanentzapf et al., 2000) . The apical membrane is marked by a restricted expression of b H -spectrin complexes (Zarnescu and Thomas, 1999) . Genetic analyses revealed that Crb is necessary for the generation of the polarized follicle epithelium. The complex nature of the phenotypes, however, suggests the presence of multiple, partially redundant polarity cues during the development of this epithelium. In particular, attachment of the follicle cells to a basal lamina through integrin receptors appears to be sufficient to provide a spatial cue for polarization of the cells. Recent data also suggest that cell signalling through the JAK/STAT pathway is involved in the formation of the follicle epithelium probably by regulating the expression of crb (Ghiglione et al., 2002) . It will be interesting to precisely determine the requirements for specific gene functions in the developmental sequence of events from the stem cell to the mature epithelium.
Epithelial cells exhibit a polarized organization of the cytoskeleton. In follicle cells, the actin cytoskeleton is organized in a defined pattern. In the apical domain, a dense accumulation of actin-filaments is present at the level of the ZA. In addition, at later stages of oogenesis parallel arrays of actin bundles are present at the basal cell surface (Bateman et al., 2001; Baum and Perrimon, 2001; Frydman and Spradling, 2001) . The localization of the apical actin filaments depends on finely tuned activities of actinassociated proteins, which positively and negatively regulate actin polymerization (Baum and Perrimon, 2001 ). The apical actin belt depends on the concerted action of the tyrosine kinase Abl and CAP, a Drosophila homologue of Adenylate-Cyclase associated protein (Baum et al., 2000) . Genetic evidence further suggests that CAP acts to counterbalance the activity of Enabled (Ena), a positive actin-polymerisation factor (Lanier and Gertler, 2000) . Ena is localized at the apical cell cortex in follicle cells and colocalizes with Arm throughout development (Baum and Perrimon, 2001; Grevengoed et al., 2001) . Strikingly, abl mutant follicle cells loose their apical/basal polarity and the epithelium becomes multilayered similar to phenotypes produced by follicle cells mutant for scrib, dlg or lgl (Baum and Perrimon, 2001; Bilder et al., 2000b; Goode and Perrimon, 1997) . These results suggest that the polarized organization of the actin cytoskeleton is regulated by specific factors such as CAP and that this regulation plays a major role in the maintenance of the polarized follicle epithelium.
Epithelia formation in vertebrate embryos
Among vertebrate embryos, the amphibian Xenopus laevis and the mouse have been studied most intensively with respect to epithelial polarity. The structural and molecular characteristics of epithelia formation in the mouse during compaction, and in Xenopus laevis during cleavage divisions have been extensively reviewed recently, and will therefore not be discussed in detail in the present review (Fleming et al., 2000a,b; Müller, 2001) .
Epithelial polarity in mouse and amphibian early embryos
In both species, Xenopus and mouse, the first epithelium is generated during cleavage. In Xenopus, apical -basolateral cell polarity in the surface epithelium is established in a cell autonomous fashion by the insertion of new membranes during cleavage (Müller and Hausen, 1995) . In the mouse embryo, cell polarization occurs in the 8-cell stage, during a process called compaction (Fleming and Johnson, 1988) . Like in Xenopus, apical -basolateral polarity can develop in the absence of cell -cell contact under certain experimental conditions (Houliston and Maro, 1989) . It is clear, however, that polarization of mouse blastomeres is influenced by cell adhesion via E-cadherin (Ziomek and Johnson, 1980) . Cell polarity of blastomeres in both species is extremely robust, as it is maintained during cell division, which occurs either as symmetric (leading to the formation of two polarized cells) or asymmetric division (leading to the formation of one polarized and one nonpolarized cell) (Fleming and Johnson, 1988; Müller and Hausen, 1995) . The asymmetric divisions generate cell fate diversity, as was recently also shown in the case of Xenopus (Chalmers et al., 2003) . Interestingly, the earliest molecular marker for this cell diversity in Xenopus embryos is the asymmetric distribution of aPKC, which is concentrated to the apical cytocortex of early blastomeres. The formation of cell junctions during cell polarization in the mouse and in Xenopus has been studied in great detail and reviewed elsewhere (Fleming et al., 2000a,b) .
Isolated polarized blastomeres from Xenopus or compacted mouse embryos provide an interesting example of how cell polarity can be maintained in cells that lack cell junctions. How is polarity of such cells controlled? The maintenance or establishment of cell polarity in superficial blastomeres in Xenopus can be affected by ectopic Ephrin (Eph) receptor activity (Winning et al., 2001 (Winning et al., , 2002 . The Eph family represents receptor tyrosine kinases with highly localized expression patterns during embryogenesis (Kullander and Klein, 2002) . Their interaction with specific ligands, called ephrins, plays a major role in the formation of boundaries during development (Holder and Klein, 1999) . Ectopic expression of an activated form of the Eph4A receptor in Xenopus blastula stages results in a loss of apical -basolateral cell polarity in superficial cells (Winning et al., 2001 ). This phenotype might reflect an inhibition of Rho-activity, because an activated form of RhoA is able to rescue the phenotype of activated Eph4A (Winning et al., 2002) . However, the relation of Eph4A activity to endogenous Eph signalling events in these cell types remains unclear. The recent finding that aPKC selectively distributes to the epithelial cell population and is absent in the basal cell population suggests that the mechanisms generating asymmetry in these cell types might be similar to other systems, e.g. like Drosophila neuroblasts (Chalmers et al., 2003) . It will therefore be interesting to see whether components of the Par complex are involved in epithelial polarity in amphibian blastomeres, and probably other polarized cell types lacking cell junctions.
Epithelial polarity in zebrafish embryos
Only little is known about the establishment of epithelial cell polarity in the early zebrafish embryo. During cleavage in zebrafish and Xenopus embryos, a specific microtubular array is associated with the growing cleavage furrow (Danilchik et al., 1998; Jesuthasan, 1998) . Inhibitor studies suggest that this furrow MT array (FMA) is required for membrane insertion during furrow formation (Jesuthasan, 1998) . The formation of the FMA is highly abnormal in the maternal effect mutation nebel (Pelegri et al., 1999) . In embryos derived from homozygous nebel mutant mothers, adhesion between the blastomeres is affected leading to a loose arrangement of blastomeres, which have a rounded shape and are not attached to each other. In the wildtype, cleavage membranes are enriched in adhesion molecules such as b-catenin and integrins; in nebel mutant embryos b-catenin is not localized to the cleavage membranes. Thus, the lack of adhesion in nebel mutants might reflect a secondary effect based on the absence of the FMA, which might be required for cleavage membrane formation (Pelegri et al., 1999) . The molecular analysis of nebel might therefore provide a handle on the regulation of cleavage division and the origin of epithelial cell polarity in fish embryogenesis.
In systematic genetic screens for mutations that affect the development of the zebrafish retina, some mutations were discovered that affect the apical -basolateral polarity of the neuroepithelium (Malicki et al., 1996) . Mutations in the glass onion (glo) locus cause severe defects in the formation of the retina, which could be tracked down to early stages in development (Pujic and Malicki, 2001) . The retina in the fish originates from two optic primordia, which form as lateral evaginations of the primordium of the central nervous system, the so-called neural keel (Strähle and Blader, 1994) . Initially, the neural keel and the optic primordium are part of a continuous pseudo-stratified epithelium. In glo mutant embryos, formation of optic primordia initially occurs normally and pattern formation appears unaffected at this stage (Pujic and Malicki, 2001 ). However, shortly after formation of optic primordia, epithelial polarity in the neuroepithelium is not maintained and much later many cells undergo apoptosis (Pujic and Malicki, 2001 ). Unfortunately, molecular markers for epithelial polarity of the neuroepithelium in fish are rare, in particular those, which would specifically label apical and basolateral membrane domains. Therefore, molecular analysis to evaluate at what level Glo might act to control polarity of the neuroepithelium will be important. Interestingly, nagie oko (nok), another mutation that affects the polarity of the neuroepithelium of the optic primordium in the fish has been cloned and shown to encode a MAGUK protein, which represents a homologue or a close relative of Drosophila Sdt (Wei and Malicki, 2002) . Nok also has a second function in the formation of the photoreceptor layer after differentiation of the retina (see below).
A complete disorganization of the retina epithelium is observed in the mutant heart and soul (has) (Horne- Badovinac et al., 2001) . has encodes a zebrafish homologue of aPKC and was shown to exhibit several roles in the formation and maintenance of the ZA in the gut and retinal epithelium during development. Before differentiation of the retina Has and ZO-1 partially colocalize at the apical cell junctions of the neuroepithelium (Horne-Badovinac et al., 2001) . While the distribution of apical junction markers appear unaffected at this early stage, their localization during differentiation of the neuroepithelium is abnormal in has mutants. This relatively weak phenotype might be explained by the presence of another isoform of aPKC which remains unaffected by the has mutation. has mutants exhibit another interesting phenotype during gut development in the fish. During the development of the lumen of the gut, the apical clustering of spot adherens junctions in the first step is the formation of a continuous ZA and the formation of the lumen. Similar to the observations in cultured cells, it is the initial clustering of adherens junctions, which requires aPKC activity (Horne-Badovinac et al., 2001; Suzuki et al., 2002) . Thus together with the aforementioned requirement of Baz and DaPKC for formation of the incipient ZA in Drosophila, these results strongly suggest that the conserved aPKC/Baz/PAR-6 complex is essential in the coalescence of adherens junctions, which represents a major step in the formation of polarized epithelia in development.
Has and Nok are not the only mutations in vertebrate genes involved in the control of epithelial cell polarity, which affect the function of the photoreceptor cells of the retina. Mutations in the human Crb homologue, Crb-1, are the cause of severe retinal dystrophies, called retinitis pigmentosa (RP12) and Leber Congenital amaurosis (LCA) (den Hollander et al., 1999 (den Hollander et al., , 2001a Lotery et al., 2001 ). RP12 patients suffer from a degeneration of photoreceptors, which may lead to the loss of vision at ages , 20. LCA even leads to early blindness at around birth or early childhood (den Hollander et al., 1999) . Similarly, genetic analysis of crb in the Drosophila compound eye revealed that Crb is required for the morphogenesis of the photoreceptors during eye development (Izaddoost et al., 2002; Pellikka et al., 2002) . In addition, a recent study showed that crb mutant photoreceptors undergo a light-induced degeneration in adult flies (Johnson et al., 2002) . It will be interesting to learn whether in humans, the phenotypes of mutations in Crb-1, like RP12, show a similar dependence on light, which would suggest the presence of a conserved pathway. The molecular characterization of such diseases highlights the significance of protein complexes involved in cell polarity for tissue function and maintenance within the healthy human organism.
Concluding remarks
The aim of this review was to outline our current knowledge of the molecules that are important in the regulation of epithelial polarity during development. The regulatory mechanisms are still to be defined in more detail, but are likely to involve large membrane-associated protein complexes. One important conclusion is that the core components of these protein complexes are evolutionarily conserved, although many players might still be missing. The identification of HZO-1, a homologue of the TJ associated protein ZO-1 in Hydra vulgaris, a member of the second oldest phylum of the animal kingdom, supports this general notion (Fei et al., 2000) . But not only single proteins are conserved; the interactions of proteins within the complexes are also conserved as demonstrated in many situations. Another important lesson we have learned from genetic model organisms is that the different protein complexes, although spatially separated, communicate with each other. The biochemical basis of these interactions involves dynamic binding behaviour of some members of different complexes, which in some cases might be controlled by phosphorylation. Therefore one task will now be to unravel signalling events and their consequences to explain the functional interaction of different protein complexes.
Recent research on epithelial polarity in embryo systems is almost exclusively focused on the regulation of cell surface polarity. The experimental readouts are often restricted to the regulation of cell adhesion and the ZA in relation to the separation of markers for the apical and basal membrane domains. Generation of cell polarity, however, is also tightly connected to the vesicle transport machinery as has been demonstrated by excellent work using cultured cells. It will therefore be interesting to connect the functions of membrane associated protein scaffolds to the regulation of polarized membrane trafficking and membrane growth (Lecuit and Pilot, 2003) . For example, the function of conserved components of important players of vesicular transport, such as components of the Sec6/8 complex, still needs to be addressed in the context of the major multicellular genetic model organisms (Grindstaff et al., 1998) .
The maintenance of the polarized organization of the epithelial cell is essential for its function in a healthy organism. Malfunctions of epithelia may be based upon deregulation of their polarity and human cancers are often of epithelial origin. Many of the major regulators of epithelial polarity in invertebrate systems were later found to represent or interact with tumour suppressors or oncogenes in humans. Thus, unravelling the mechanisms underlying epithelial polarity in genetic model systems will also be of great value for our understanding of such diseases.
